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In Vivo Regulation of Wheat-Leaf Phosphoenolpyruvate 
Carboxylase by Reversible Phosphorylation’ 
Stephen M. C. Duff’ and Raymond Chollet* 
Department of Biochemistry, University of Nebraska-Lincoln, East Campus, Lincoln, Nebraska 68583-071 8 
Regulation of C, phosphoenolpyruvate carboxylase (PEPC) and 
i t s  protein-serine/threonine kinase (PEPC-PK) was studied in wheat 
(Trificum aesfivum) leaves that were excised from low-N-grown 
seedlings and subsequently illuminated and/or supplied with 40 mM 
KNO,. The apparent phosphorylation status of PEPC was assessed 
by i ts  sensitivity to i-malate inhibition at suboptimal assay condi- 
tions, and the activity state of PEPC-PK was determined by the i n  
vitro 32P labeling of purified maize dephospho-PEPC by [y3’PIATP/ 
Mg. lllumination (*NO,-) for 1 h led to about a 4.5-fold increase 
in the 50% inhibition constant for i-malate, which was reversed by 
placing the illuminated detached leaves in darkness (minus NO,-). 
A 1 -h exposure of excised leaves to light, KNO,, or both resulted in  
relative PEPC-PK activities of 205, 11 9, and 659%, respectively, of 
the dark/O mM KNO, control tissue. In contrast, almost no activity 
was observed when a recombinant sorghum phosphorylation-site 
mutant (S8D) form of PEPC was used as protein substrate in 
PEPC-PK assays of the light plus KNO, leaf extracts. In  vivo labeling 
of wheat-leaf PEPC by feeding 32P-labeled orthophosphate showed 
that PEPC from light plus KNO, tissue was substantially more 
phosphorylated than the enzyme in the dark minus-nitrate immu- 
noprecipitates. lmmunoblot analysis indicated that no changes in 
relative PEPC-protein amount occurred within 1 h for any of the 
treatments. Thus, C, PEPC activity in these detached wheat leaves 
appears to be regulated by phosphorylation of a serine residue near 
the protein’s N terminus by a Caz+-independent protein kinase in 
response to a complex interaction in  vivo between light and N. 
An important area of research in the field of leaf metab- 
olism involves the interactions between carbon and nitro- 
gen assimilation in the chloroplast stroma and the cytosol 
(Huppe and Turpin, 1994). It is probable that these path- 
ways are highly coordinated and involve several steps of 
reciproca1 control (Robinson, 1988; Huppe and Turpin, 
1994). It has been shown in C, leaves that three likely 
targets of such control are the reactions catalyzed by cyto- 
solic SPS, NR, and PEPC. The modulation of the activities 
of these three enzymes is believed to contribute to the 
integration of nitrogen assimilation, carbon fixation, and 
carbon partitioning (Champigny and Foyer, 1992; Huber et 
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al., 1992a, 1992b, 1992c, 1994). The activities of a11 three 
target enzymes respond to light/dark transitions and ap- 
pear to be modulated by regulatory protein phosphoryla- 
tion in response to light, N, or both (Sicher and Kremer, 
1984; Van Quy et al., 1991a; Huber et al., 1992a, 1992b, 
1992c, 1994). Therefore, it has been suggested that the 
requisite protein kinases and protein phosphatases that 
regulate PEPC, SPS, and NR function to coordinate these 
major metabolic pathways in the C,-leaf cytosol (Huber et 
al., 1994). 
The posttranslational regulation of PEPC in C, and CAM 
leaves has been extensively studied and recently reviewed 
(Leegood and Osmond, 1990; Jiao and Chollet, 1991; 
Nimmo, 1993; Huber et al., 1994; Lepiniec et al., 1994). It 
consists of an interaction between this allosteric enzyme 
and its negative (L-malate) and positive (G6P, triose-P) 
effectors and a complex regulatory phosphorylation cycle 
that modulates several important kinetic parameters of 
PEPC, most notably Ki (L-malate) and K,  (G6P) (Duff et al., 
1995). In contrast, relatively little is known about the pos- 
sible posttranslational regulation of the nonphotosynthetic 
C, enzyme, although it too is subject to allosteric control 
(Outlaw, 1990; Schuller et al., 1990a, 1990b; Wang et al., 
1994). However, only a single report has appeared dealing 
directly with the in vivo phosphorylation of the C,-leaf 
enzyme (Van Quy et al., 1991a). It was reported recently 
that a Ca2‘-independent protein-Ser/Thr kinase exists in 
tobacco leaves that is capable of phosphorylating purified 
maize and tobacco PEPC in vitro (Wang and Chollet, 1993), 
but no data were presented on whether phosphorylation 
changed the kinetic properties of the target enzyme. How- 
ever, in vitro phosphorylation of soybean-nodule PEPC 
and the recombinant sorghum C, isoform decreased the 
enzyme’s sensitivity to L-malate (Pacquit et al., 1993; Schul- 
ler and Werner, 1993). Finally, it was also reported that 
guard-cell PEPC activity in closed stomata from Vicia faba 
leaves is significantly more inhibited by L-malate than the 
enzyme in opening stomata, thus suggesting in vivo 
changes in its apparent phosphorylation status (Zhang et 
al., 1994). 
The possibility that C,-leaf PEPC is regulated by revers- 
ible phosphorylation has important ramifications with re- 
gard to the interactions between C and N metabolism by 
Abbreviations: CHX, cycloheximide; G6P, Glc-6-P; Io,5, 50% in- 
hibition constant; MV, methylviologen; NR, nitrate reductase; 
PEPC, PEP carboxylase; PEPC-PK, PEPC protein-Ser/Thr kinase; 
SPS, SUC-P synthase. 
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virtue of the enzyme's provision of C skeletons for N 
assimilation into amino acids. Thus, in the present study 
we have initiated an evaluation of such a possibility using 
excised leaves from low-N-grown wheat (Triticum aesti- 
vum) seedlings. We have assessed the apparent phosphor- 
ylation status (sensitivity to L-malate), specific activity, 
protein amount, and phosphorylation state (in vivo label- 
ing of PEPC with [32P]Pi) of PEPC and the activity of 
PEPC-kinase in these detached leaves during light-dark 
transitions and/or low-high nitrate feedings. 
MATERIALS AND METHODS 
Reagents 
A11 biochemicals were purchased from Sigma except as 
noted. [32PlPi and [y-32P]ATP were from Amersham and 
microcystin-LR was from Calbiochem. Immunochemicals 
were obtained from Bio-Rad. Rabbit polyclonal antibody 
against the immunopurified sorghum-leaf PEPC holoen- 
zyme was a generous gift from Dr. Jean Vida1 (Université 
de Paris-Sud, Orsay, France). 
Plant Material and Experimental Treatments 
Low-N-grown wheat (Triticum aestivum L. cv Brule) 
plants were germinated and grown in vermiculite follow- 
ing the N regimen described by Van Quy et al. (1991a) at a 
PPFD of 150 pmol photons m-' s-', a light/dark temper- 
ature cycle of 23/21"C, and a photoperiod of 13.5 h. The N 
regimen consisted of a 7-d germination period with deion- 
ized water, a subsequent 11-d period with 0.5 mM KNO, 
added to N-free nutrient solution (Van Quy et al., 1991a), 
followed by a 2-d treatment with only the N-free nutrient 
solution. These low-N-grown plants were then placed in 
darkness for 16 h, after which the various treatments were 
initiated. High-N-grown wheat plants were propagated 
following the same protocol (Van Quy et al., 1991a) but 
with daily 10 mM KNO, for 20 d and without the initial7-d 
and final 2-d treatments with O mM KNO,. At the end of the 
16-h dark treatment a11 four leaves of the 20-d-old 1ow-N- 
and high-N-grown seedlings were detached under water 
and transferred to a 500-mL beaker containing either N- 
free nutrient solution (-N) or nutrient solution containing 
40 mM KNO, (+N). The excised leaves were then immedi- 
ately either illuminated at a PPFD of 800 to 1000 pmol 
photons m-' s-' (L) or placed in darkness (D) for the 
indicated period of time at 25°C. For CHX or MV pretreat- 
ment of the detached, darkened wheat leaves the method 
of Li and Chollet (1993) was used. At the end of the various 
treatment periods the excised leaves were quickly frozen in 
liquid N,, pulverized, and stored at -80°C until used 
(never more than 4 d after treatment). 
Maize (Zea mays L. cv Golden Bantam) plants were ob- 
tained from a local greenhouse. 
Enzyme Extractions and Assays 
A11 steps in the extraction or processing of leaf-protein 
samples were carried out at 4°C. A11 buffers were pH 
adjusted and degassed at room temperature. Samples (1-2 
g fresh weight) from excised wheat leaves ertracted for 
PEPC-activity measurements, soluble-protein determina- 
tions, PEPC immunoblotting, immunoprecipitation of in 
vivo ,'P-labeled PEPC, or nitrate measurements were 
ground with sand in a chilled mortar and pe5,tle at a 1:4 
(w/v) tissue:buffer ratio using PEPC-extraction buffer (100 
mM Tris-HCI, pH 8.0, 5 mM L-malate, 5 mM NaF, 1 mM 
fresh PMSF, 10 pg/mL chymostatin, 10 pg/mI, leupeptin, 
14 mM 2-mercaptoethanol, 1 p~ microcystin-Lli, 5% [v/v] 
glycerol, 1.5% [w/v] insoluble PVP). The homogenates 
were clnrified by centrifugation at 24,0008 for 5 min. For 
PEPC-activity measurements and some protein determina- 
tions, protein in aliquots of the clarified crude homoge- 
nates was precipitated by the addition of ultrapure ammo- 
nium sulfate to 60% saturation and allowed to remain for 
10 min at 4°C. After centrifugation for 10 min at 24,OOOg the 
pelleted protein sample was resuspended in 1 C O  to 500 pL 
of PEPC-PK extraction buffer (50 mM Tris-HC1, pH 7.5, 5 
mM MgCl,, 1 mM EDTA, 5% [v/v] glycerol, 14 mM 2-mer- 
captoethanol, 1 mM fresh PMSF, 10 pg/mL cl-ymostatin). 
Following clarification by centrifugation, 50-,xL aliquots 
were desalted against this same buffer mediiim using a 
0.5-mL Sephadex G-25 spin column (Internatio na1 Biotech- 
nologies, Inc., New Haven, CT). PEPC-activity assays or 
protein measurements were performed immecliately. Leaf 
samples extracted for PEPC-PK assays were ground with 
sand in a chilled mortar and pestle a ta  1:4 (w/.i7) ratio with 
PEPC-PK extraction buffer plus 1.5% (w/v) insoluble PVP. 
The samples were then processed as describeld above for 
PEPC-activity measurements. 
PEPC-Activity Assays, Kinetic Analysis, and Soliible-Protein 
Determination 
A11 PEPC reactions were initiated with an aliquot of the 
concentrated and desalted protein sample and initial rates 
(30-90 s) were determined at 30°C at the indicated pH. 
PEPC activity was determined by a coupled assay using 
exogenous malate dehydrogenase and following the oxida- 
tion of NADH at 340 nm. A11 I-mL reaction mixtures 
contained 50 mM Hepes-KOH (pH as indicakd), 0.2 mM 
NADH, 10 mM MgCl,, 1 mM NaHCO,, 4 units. of porcine- 
heart mitochondrial malate dehydrogenase (Sigma, No. 
M-2634), and the indicated concentrations of IJH-adjusted 
PEP and L-malate. Io.5 (L-malate) values at the indicated pH 
and PEP concentrations were determined frorn a Job plot 
(Job et al., 1978) using O to 1.5 mM L-malate. Apparent K ,  
(total PEP) values were evaluated from Lineweaver-Burk 
plots over the range of 0.04 to 1.0 mM PEP. 
Soluble-protein concentration was measuretl by a stan- 
dard dye-binding method (Bradford, 1976) using the Bio- 
Rad dye-reagent and BSA as the standard. 
Nitrate Determination 
Nitrate concentration in the crude centrifugel wheat-leaf 
extracts was determined by an established colorimetric 
method (Cataldo et al., 1975). 
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Electrophoresis, Electroblotting, and Western Blots 
SDS-PAGE was performed using a Bio-Rad mini-gel ap- 
paratus according to an established protocol (Laemmli, 
1970). Electroblotting and PEPC immunoblots were per- 
formed as previously described (Duff et al., 1991) using 
polyclonal rabbit antibody raised against the SDS-PAGE- 
purified maize-PEPC monomer (Budde and Chollet, 1986). 
Laser densitometry of the immunoblots and determination 
of wheat-leaf PEPC relative amounts were performed as 
described previously (Duff et al., 1991) except that calibra- 
tion standards were not used and only PEPC amounts 
relative to total leaf soluble-protein were assessed. 
PEPC Purification and Wheat-Leaf PEPC-PK Assays 
Maize dark-form (dephospho) PEPC and the recombi- 
nant sorghum phosphorylation-site mutant (S8D) enzyme 
were purified to electrophoretic homogeneity as described 
by Jiao et al. (1991b) and Wang et al. (1992), respectively. In 
vitro phosphorylation of purified PEPC by the concen- 
trated and desalted wheat-leaf protein samples was per- 
formed for 45 min at 30°C in a final volume of 60 pL in the 
presence of [y-32PlATP/Mg (2-3 pCi; 3 Ci/mmol), 14 pg of 
exogenous maize or sorghum-mutant PEPC, 5 nM micro- 
cystin-LR, and 0.2 mM EGTA as previously described for 
maize leaf extracts (Jiao and Chollet, 1992; Li and Chollet, 
1993). Following SDS-PAGE, visualization and quantita- 
tion of 32P incorporation into the approximately 110-kD 
PEPC monomer were performed by phosphorimaging as 
described by Li and Chollet (1994). 
In Vivo 32P Labeling and lmmunoprecipitation of PEPC 
In vivo labeling was performed by feeding excised wheat 
leaves 132P]Pi (500 pCi; 10 mCi/mL) exactly as described 
by Jiao et al. (1991b) for detached maize leaves. Indirect 
immunoprecipitation of the 32P-labeled PEPC from the 
clarified leaf extracts was performed using antibodies to 
native sorghum PEPC and protein A-agarose (Lin et al., 
1989). The immunoprecipitated pellets were washed six 
times with PBS (40 mM KH2P0,/K2HP0,, 150 mM NaC1, 
pH 7.1), resuspended in SDS-sample buffer, heated to 
100°C for 2 to 5 min, and analyzed by SDS-PAGE. Visual- 
ization by phosphorimaging was performed as described 
by Li and Chollet (1994). 
RESULTS 
Kinetic Analysis of PEPC from Wheat Leaves 
Since the magnitude of the increase in 10.5 (L-malate) due 
to N-terminal seryl-phosphorylation of PEPC varies de- 
pending on the conditions at which the target enzyme is 
assayed relative to its kinetics properties (Wang and Chol- 
let, 1993; Duff et al., 1995), we first determined K ,  (total 
PEP) for wheat-leaf PEPC from high-N-grown plants. The 
apparent K ,  (total PEP) values at pH 7.3 and pH 8.0 were 
0.8 and 0.1 mM, respectively. 10.5 (L-malate) values at pH 7.3 
and 0.25 mM PEP (which is 2.5 times the K ,  value at pH 8.0 
[similar relative conditions as in Wang et al., 1992, and 
Wang and Chollet, 1993, for the C, and C, enzymes, re- 
spectively]) for PEPC extracted from dark- and light- 
adapted (3 h) leaves were 0.07 and 0.14 mM, respectively, 
indicating that a modest difference in apparent phosphor- 
ylation status of PEPC exists between the light- and dark- 
adapted N-sufficient leaves. 
Apparent Phosphorylation of PEPC during 
lllumination and N-Status Transitions 
Low-N-grown wheat leaves contained low amounts of 
total PEPC activity on a g fresh weight basis (approximate- 
ly 0.01 pmol min-' g-I), making it difficult to measure 
specific activity and especially malate sensitivity in the O to 
60% ammonium sulfate-concentrated and desalted extracts 
at the extremely suboptimal assay conditions of 0.25 mM 
PEP and pH 7.3. Determination of 10,5 (L-malate) at various 
suboptimal pH values and PEP concentrations indicated 
that a suitable compromise between having adequate ac- 
tivity to reliably measure this parameter while maintaining 
substantial differences in 10.5 (L-malate) between light-form 
and dark-form PEPC was to perform measurements at pH 
7.5, 0.3 mM PEP. Table I summarizes the specific activity 
and 10,5 (L-malate) values of PEPC at these assay conditions 
that was extracted from excised leaves treated with O (-N) 
or 40 mM nitrate (+N) and O (D) or 800 to 1000 pmol 
photons m-' sC' PPFD (L) for 1 h from both high- and 
low-N-grown wheat seedlings. It is clear that illumination 
causes significant increases in 10,5 (L-malate) of approxi- 
mately 2-fold for the high-N-grown plants and 4.5-fold for 
the low-N-grown plants. Because the latter plants showed 
a more substantial effect of illumination on the apparent 
phosphorylation status [i.e. 10,5 (~-malate)l of wheat-leaf 
PEPC, a11 further experiments were performed with low- 
N-grown plants. Illumination for 1 h also caused about a 
50% increase in PEPC specific activity in both sets of plants. 
However, nitrate feeding appeared to have little or no 
effect on 10,5 (L-malate) or specific activity of PEPC, regard- 
less of illumination status or growth conditions (Table I). 
Table 1. Composite L-malate inhibition and specific activity values 
of PEPC from excised wheat leaves 
Excised Leaf Low-N-Grownb High-N-Grown' 
Treatmenta I, (L-malateP s . A . ~  I ,  E (L-malateP s.A." 
mM units/mg mM unitshg 
Dark (D - N) 0.27 0.06 0.35 0.06 
Dark + nitrate 0.26 0.07 0.38 0.06 
(D + N) 
Light (L - N) 1.10 0.09 0.62 0.09 
Light + nitrate 1.23 0.10 0.65 0.09 
(L + N) 
a Treatment for 1 h at 25°C and 2800 to 1 O00 pmol photons m-' 
s-' and %40 mM KNO,. Plants grown with 0.5 mM KNO,. 
Measured at pH 7.5, 0.3 mM 
PEP, O to 1.5 mM L-malate. e S.A., Specific activity, in units 
(pmol/min) per mg soluble protein, at pH 7.5, 0.3 mM PEP. Specific 
activity and /o,5 (L-malate) values are the average of three or four 
separate experiments and are reproducible to within ?15% SE. 
Plants grown with 1 O mM KNO,. 
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Figure 1 depicts the changes in 10.5 (L-malate) and spe- 
cific activity of PEPC from excised leaves of low-N-grown 
wheat seedlings as a function of treatment time. The spe- 
cific activity of PEPC increased rapidly for 2 h in the light 
plus nitrate (L + N) and light minus nitrate (L - N) 
detached leaves and showed no signs of leveling off (Fig. 
1A). Much smaller changes in specific activity, if any, were 
observed in the dark, plus or minus nitrate (D + N, D - N). 
The extent and rapidity of change was greatest in the L + 
N leaves and least in the D - N leaves. Placing the de- 
tached leaves in the control (D - N) conditions after 2 h led 
to a slow but significant decrease in specific activity of 
PEPC over the next 3 h (Fig. 1A). 10.5 (L-malate) increased 
rapidly in the L + N and L - N leaves and leveled off after 
I 
P f I A j  I I I 
I 
E 0.16 2. 
E u 0.12 
0 






0.04 I I I I I I I I I 
O 1 O0 200 300 400 
Time (min) 
1.6 I i I I I I I I 
- g 1.2 
v - 
c Q m -
0.8 
A 
2 - 0.4 
t .) 
0.0 
O 1 O0 200 300 400 
Time (min) 
Figure 1. Time course of in vivo changes in PEPC activity and /o,5 
(L-malate) of O to 60% (NH,),SO, concentrated and desalted extracts 
of excised leaves from low-N-grown wheat seedlings. PEPC specific 
activity (pmol min-' mg-' protein) (A), and /o,5 (L-malate) (6) were 
measured at pH 7.5, 0.3 mM PEP, O to 1.5 mM L-malate (see "Mate- 
rials and Methods"). The darkened, detached leaves were treated as 
follows: O, 800 to 1000 pmol photons m-* s-' plus 40 mM KNO, (L 
+ N); O, 800 to 1000 pmol photons m-' s-' alone (L - N); O, 
darkness plus 40 mM KNO, (D + N); M, darkness (D - N). The 
vertical arrow at 2 h indicates when the detached leaves were placed 
in the dark minus nitrate (D - N) control conditions. Specific activity 
and /o,5 (L-malate) values were the average of three separate experi- 
ments and were reproducible to within ?15% SE and ?12% SE, 
respectivel y. 
Dark + nitrate (b) 
O 60 1 E O  
Time (min) 
Figure 2. Time course of changes in relative PEPC-protein amounts 
as determined by immunoquantification on western tdots by laser 
densitometry. The excised leaves from low-N-grown wheat plants 
were treated for the indicated periods of time (see legend to Fig. 1).  
Relative PEPC amounts were the average of two separate experi- 
ments, which did not vary by more than 12%. 
1 h, whereas no significant change was observed in this 
regulatory property of PEPC from D - N and D + N leaves 
(Fig. 1B). Placing the excised leaves in the D -- N control 
conditions after 2 h caused an almost complete reversal of 
the increase in the 10,5 (L-malate) value in the L - N leaves 
but only a partia1 reversal in the L + N tissue. Since nitrate 
feeding appeared to have no major effect on the apparent 
phosphorylation status of PEPC during the l'irst 2 h of 
treatment (Fig. 1B; Table I), we performed nitrate assays 
with crude centrifuged extracts of the D + N ,md D - N 
leaves to verify that the excised tissue was, in fact, accu- 
mulating exogenous nitrate. D + N leaves qL.ickly accu- 
mulated nitrate to 3 times the concentration of the D - N 
tissue within 1 h, after which the accumulation slowed 
markedly (data not shown). 
Synthesis of PEPC Protein during Nitrate Feedinig and 
lllumination 
Since both illumination and nitrate supply led to in- 
creases in specific activity of PEPC in leaves delached from 
low-N-grown plants (Fig. lA), it was important to deter- 
mine if these changes were, in fact, due to incriases in the 
amount of PEPC protein rather than covalent m odification. 
It is well documented that phosphorylation of C, PEPC 
causes an increase in its specific activity when the enzyme 
is assayed under suboptimal (but not optimal:, conditions 
(Duff et al., 1995). Figure 2 shows amounts of PI?PC protein 
relative to the total soluble protein extracted from excised 
leaves that had undergone the various light and nitrate 
treatments for 1 or 3 h. None of the treatments led to a 
significant change in relative PEPC-protein amount during 
the 1st h, but the L + N, L - N, and D + N detached leaves 
had substantial increases in PEPC-protein amount relative 
to the D - N control after 3 h. Thus, the increajes in PEPC 
specific activity observed within 1 h of treatment that are 
depicted in Figure 1A appear not to be due to changes in 
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PEPC-protein amount relative to other soluble leaf proteins
but rather protein phosphorylation.
In Vivo Phosphorylation of PEPC
Since decreases in the malate sensitivity of plant PEPC
can be due not only to regulatory phosphorylation but also
to N-terminal proteolysis of the protein (Wang et al., 1992;
Lepiniec et al., 1994; Duff et al., 1995), it was imperative to
document the actual in vivo phosphorylation of PEPC in
the excised wheat leaves. The detached leaves were fed
[32P]Pi and then treated under the L + N and D - N
conditions for 1 h, the time required for the maximum
increase in IQ5 (t-malate) (Fig. IB). Figure 3A depicts the
phosphorimager analysis of the in vivo-labeled and immu-
noprecipitated PEPC resolved by SDS-PAGE. A clearly
observable [32P]PEPC band is detected in the L + N sample
(lane 1), which is substantially decreased in the D — N lane
(lane 2). This difference clearly indicates that illumination
and/or nitrate feeding causes an increase in the in vivo
phosphorylation status of wheat-leaf PEPC and substanti-
ates our decision to use the /0 5 (L-malate) value as an
indication of apparent phosphorylation state. Figure 3B is
the PEPC immunoblot corresponding to the phosphorim-
age and documents two important points: (a) the difference
in [32P]PEPC labeling between the two 1-h treatments is not
due to PEPC amount (see also Fig. 2); and (b) the radiola-
beled band on the phosphorimage corresponding to the
interface between the stacking and separating gels (Fig. 3A,
see asterisk) from the D — N sample is not PEPC.
B
Table II. Relative PEPC-kinase activity in the concentrated and
desalted extracts of leaves excised from low-N-grown wheat
seedlings
Figure 3. In vivo phosphorylation of PEPC in leaves detached from
low-N-grown wheat seedlings. A, Phosphorimager analysis of immu-
noprecipitated PEPC following SDS-PAGE. The asterisk marks the
stacking/separating gel interface. B, Corresponding western blot of
immunoprecipitated PEPC. Lane 1, 1-h L + N sample (see legend to
Fig. 1); lane 2, 1-h D - N sample. The 32P-labeling results were
representative of two separate experiments. The arrows indicate the
approximately 110-kD PEPC monomer.
Excised Leaf Treatment" RelativePEPC-Kinase Activity1"
Dark (D - N)
Dark + nitrate (D + N)
Light (L - N)
Light + nitrate (L + N)
Light + nitrate (L + N)
Light + nitrate (L + N)
(+CHX)d










 Except where noted below, all treatments were for 1 h (see the
legend to Table I for further details). b Relative PEPC-PK activity
was measured by in vitro phosphorylation of exogenous maize-leaf
or recombinant sorghum phosphorylation-site mutant (S8D) PEPC by
[•y-32P]ATP/Mg, and subsequent resolution by SDS-PACE followed
by phosphorimager analysis (see "Materials and Methods"). All
60-/J.L phosphorylation assays contained 0.2 mM ECTA, 5 nM micro-
cystin-LR, and, except where noted otherwise, maize dephospho-
PEPC (0.23 mg/mL) as the exogenous protein substrate. All values
correspond to the 32P labeling of the approximately 110-kD PEPC
monomer relative to the D — N control sample (100%) and are the
average of at least two separate experiments, which did not vary by
more than 15%. c Mutant PEPC (0.23 mg/mL) used as exogenous
protein substrate. d Detached leaves were first pretreated with 5
M.M CHX or 0.2 mM MV for 4 h in the dark (D - N) and subsequently
transferred to L + N conditions for 1 h.
Regulation of PEPC-PK Activity by Light and Nitrate
Feeding
Table II summarizes the results from the in vitro phos-
phorylation of maize dephospho-PEPC (or the recombinant
sorghum S8D mutant enzyme) by the concentrated and
desalted extracts from excised wheat leaves that had un-
dergone the various experimental treatments for 1 h. Al-
though nitrate feeding alone (D + N) had little effect on the
relative PEPC-kinase activity (119% D - N control), 1 h of
illumination (L - N) substantially increased PEPC-PK ac-
tivity (205% D — N control). Somewhat surprisingly (cf.
Fig. IB), a further substantial increase in kinase activity
was observed with the L + N sample (659% D - N control).
Pretreatment of the excised leaves in the dark with 5 JU.M
CHX for 4 h caused a substantial reduction in the subse-
quent L + N-induced PEPC-kinase activity, and pretreat-
ment with 0.2 mM MV caused an almost complete elimi-
nation of detectable PEPC-PK activity (12% D - N control).
There was also a striking effect of using the recombinant
phosphorylation-site mutant (S8D) PEPC as exogenous
substrate for wheat PEPC-kinase. Not only was the in vitro
phosphorylation reaction specific for the regulatory Ser
residue near the N terminus of plant PEPC (less than 3% of
the corresponding L + N control sample when the mutant
substrate was employed), but it was also Ca2+ independent
given the presence of 0.2 mM EGTA in the routine
PEPC-PK assay medium.
780 Duff and Chollet Plant Physiol. Vol. 107, 1995 
DlSCUSSlON 
The results obtained in this study clearly establish the 
existence of the regulatory phosphorylation of C, PEPC by 
a protein-Ser/Thr kinase in N-deficient wheat leaves. This 
covalent modification likely occurs near the protein’s N 
terminus at a target Ser residue homologous to Ser’ in 
sorghum PEPC or Ser15 in the maize enzyme (Jiao et al., 
1991b; Lepiniec et al., 1994). Three previous studies have 
presented results suggesting that C,-leaf PEPC is regulated 
by reversible phosphorylation in vivo (Van Quy et al., 
1991a; Van Quy and Champigny, 1992; Manh et al., 1993). 
These prior studies, however, relied primarily on measure- 
ments of PEPC activity at near-optimal (approximately 
V,,,) conditions (3.25 mM PEP, pH 7.6) to provide indirect 
evidence of in vivo or in vitro changes in apparent phos- 
phorylation status of PEPC. In contrast, little attempt was 
made to differentiate between the several factors that are 
known to cause changes in malate sensitivity (N-terminal 
proteolysis versus phosphorylation) and specific activity 
(phosphorylation versus enzyme amount) of C, PEPC 
(Wang et al., 1992; Lepiniec et al., 1994; Duff et al., 1995). It 
is also established that assay of C, PEPC specific activity or 
I ,  (L-malate) under near-optimal conditions is a poor in- 
dicator of its phosphorylation state, since under these con- 
ditions there are little or no differences in V,,,, K ,  (total 
PEP), K ,  (G6P), and K,  (L-malate) between the phospho and 
dephospho enzyme forms (Wang et al., 1992; Duff et al., 
1995). One study of wheat-leaf PEPC did report changes in 
apparent phosphorylation status [ I ,   malate) te)] and actual 
in vivo phosphorylation in response to light and N, al- 
though the I, values were measured under near-optimal 
conditions (Van Quy et al., 1991a). In a related report, 
ATP/Mg-dependent changes in PEPC specific activity 
measured under near-optimal conditions were used to in- 
dicate in vitro PEPC-PK activity, but changes in neither I ,  
(L-malate) nor PEPC amount were assessed (Manh et al., 
1993). 
(L- 
malate) at 0.3 mM PEP (3 times K, at pH 8.0) and pH 7.5 
as a marker for apparent changes in the in vivo phosphor- 
ylation state of C,-leaf PEPC from low-N-grown wheat 
plants. We have shown that when assayed under these 
suboptimal conditions light increases the I ,  (apparent 
phosphorylation status) and activity of PEPC in vivo, but 
that nitrate feeding has little or no major effect (Table I; Fig. 
1); however, at least some of the increased activity is 
caused by an increase in the relative amount of PEPC 
protein (Fig. 2). We have also observed that treatment with 
light plus nitrate causes an increase in the actual phosphor- 
ylation state of the target enzyme in vivo (Fig. 3A) and that 
light and light plus nitrate supply lead to increases in 
activity of a Ca*+-independent PEPC-kinase that modifies 
the target Ser residue near the N terminus exclusively 
(Table 11). 
There appear to be several similarities between the reg- 
ulatory phosphorylation of C,- and C,-leaf PEPC. For ex- 
ample, in both cases (a) PEPC-kinase and thereby its target 
enzyme are activated by light in vivo in a MV-sensitive 
manner (Fig. 1; Table 11) (Jiao and Chollet, 1991, 1992; Li 
Throughout this investigation we have chosen I ,  
and Chollet, 1993); (b) PEPC-PK is a Ca’+-irdependent 
protein-Ser/Thr kinase that phosphorylates PE PC near its 
N terminus and thereby decreases the malate sensitivity of 
this allosteric target enzyme (Fig. 1B; Table 11) (Jiao and 
Chollet, 1991; Li and Chollet, 1993; Wang and Chollet, 
1993); and (c) the activity of PEPC-kinase is sensitive to 
CHX pretreatment in vivo (Table 11) (Jiao et al., 1991a; Li 
and Chollet, 1993). It is also notable that ahhough not 
completely understood at this time, there is a definite effect 
of leaf nitrate status on the regulatory phosphorylation of 
C, PEPC on at least three levels, including (a) changes in 
(L-malate) are attenuated considerably in high-N- 
grown plants (Table I), (b) nitrate feeding appeiirs to affect 
the reversibility of the light-induced increase in (Fig. 
1B), and (c) in illuminated leaves nitrate feeding appears to 
have a major effect on the activity of PEPC-PE: (Table 11). 
Another notable observation is that illuminatilm, with or 
without nitrate feeding, also causes an increase in relative 
PEPC-protein amount in excised wheat 1eavc:s over the 
long term (i.e. 3 h; Fig. 2). 
The major difference between the present iind related 
previous results (Van Quy et al., 1991a; Manh ?t al., 1993) 
is that we were unable to observe much of a sho::t-term (1-2 
h) effect of nitrate feeding on the activity and malate sen- 
sitivity (apparent phosphorylation status) of (3, PEPC in 
either illuminated or darkened wheat leaves detached from 
low-N-grown plants (Table I; Fig. 1). In contrat, a rather 
dramatic effect on PEPC-PK activity was observed with 
illuminated excised leaves fed exogenous nitrate (Table 11). 
Why this should be the case is unclear. The overall phos- 
phorylation state of C, PEPC must be the result of the 
competing activities of PEPC-kinase and a her,etofore un- 
investigated PEPC-protein phosphatase. Thuefore, the 
simplest explanation is that a concomitant increase in 
PEPC-phosphatase activity accounts for thc observed 
anomaly between PEPC-kinase activity (measured in the 
presence of microcystin-LR) and the apparent phosphory- 
lation state of PEPC in the L + N versus L - N leaves. It is 
also possible that despite the striking similarities to the C, 
system described above, PEPC is phosphorylated in vitro 
by more than one protein kinase in these wkeat-leaf ex- 
tracts, although only one of them is the in .<ivo PEPC- 
kinase. Finally, the smaller increase in PEPC-PK activity 
observed in the excised L - N leaves (2-fold) may be 
sufficient to completely phosphorylate the relatively low 
levels of PEPC-protein in the nitrate-deficient tissue, 
whereas the higher leve1 of kinase activity in the L + N 
leaves (6.6-fold) would still be only saturating. 
Since SPS, NR, and C, PEPC are a11 regulateti by revers- 
ible phosphorylation and are a11 key enzymes in leaf N 
and/or C metabolism, it has been suggested that the pro- 
tein kinases and protein phosphatases that xr.odify these 
target enzymes function in the coordination of these major 
metabolic pathways in the cytosol (Champignj, and Foyer, 
1992; Huber et al., 1994). Van Quy et al. (1991a, 1991b) and 
Champigny and Foyer (1992) hypothesized thiit in illumi- 
nated C, seedlings, nitrate or a downstream product of its 
assimilation would activate PEPC and inactivate SPS by 
modulating the respective protein kinase/phoc;phatase ac- 
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tivity ratios t o  favor increased phosphorylation of both 
enzymes in order to  redirect carbon flow away from Suc 
synthesis and toward amino-acid biosynthesis. It has  been 
shown that when nitrate is supplied to  excised, N-deficient 
wheat leaves, C-assimilates are  diverted from Suc to  or- 
ganic acids and amino acids (Van Quy et  al., 1991b; Manh 
e t  al., 19931, thus indicating that since N a n d  C assimilation 
are competitive, regulation of the two pathways must  exist. 
Although the initial signals that activate a n d / o r  deactivate 
these protein kinases and protein phosphatases are  not 
known, obvious candidates are the end products of C and 
N metabolism (Manh et  al., 1993; Huber et  al., 1994). Along 
these lines, it  has  been suggested recently that Gln and Glu 
are positive a n d  negative regulatory effectors of C, PEPC- 
kinase, respectively (Manh et  al., 1993), a n d  that a n  in- 
crease in endogenous Gln could lead to  the reciproca1 
modulation of SPS and PEPC activity by  changes in phos- 
phorylation state (Foyer e t  al., 1994). Vanlerberghe et  al. 
(1990) reported that Gln and Glu play a key role in regu- 
lating PEPC activity in a green alga, bu t  this may simply be 
due to an allosteric effect on the enzyme (Schuller e t  al., 
1990a). It has also been shown that Gln induces the accu- 
mulation of PEPC mRNA in detached C, a n d  C, leaves 
(Sugiharto et  al., 1992; Manh et  al., 1993), although the 
direct effect of Gln or Glu on PEPC-PK activity in  an in 
vitro 32P-based assay has not been determined. Therefore, 
we included nitrate, Gln, Glu, o r  Asp (each a t  5 mM) in our 
routine wheat-leaf PEPC-PK assay medium and found 
that PEPC-kinase activity in  a concentrated a n d  desalted 
L - N extract was 107,100,62, a n d  80% of the correspond- 
ing no-addition control (100%; relative activities are  
the average of two separate experiments, which varied 
by 515%). Similar results were obtained using D - N and 
L + N wheat-leaf extracts (data not shown). Therefore, 
neither nitrate, Gln, nor Glu has a direct a n d  specific 
effect on C, PEPC-PK activity in  vitro, although we cannot 
rule out  an indirect effect that might  occur i n  vivo. Al- 
though there is yet no evidence of any effect of NO,- 
supply on the protein phosphatases or kinases that act on 
SPS or NR, there does seem to be a major effect of NO,- 
feeding on PEPC-PK activity in illuminated, N-deficient 
wheat leaves (Table 11). Regulatory phosphorylation of 
PEPC appears to  be more complicated in  C, plants, and 
therefore future studies must  address both the signal trans- 
duction pathway and the initial (and direct?) signal(s) 
involved. 
In conclusion, PEPC in C, leaves excised from 1ow-N- 
grown wheat  plants is regulated in  the short term b y  
reversible protein phosphorylation and  i n  the long term by 
de novo synthesis in  response to changes in illumination 
and nitrate supply. This regulatory phosphorylation of C, 
PEPC is catalyzed by a Ca2+-independent protein-Ser/Thr 
kinase a n d  most probably occurs a t  the invariant Ser 
residue near the N terminus of the plant protein. Like 
PEPC-kinase in  C, leaves, the activity of C, PEPC-PK is 
up-regulated in  vivo by  illumination (although most espe- 
cially in the presence of nitrate) and down-regulated by  
inhibition of either cytosolic protein synthesis (+CHX) or 
photosynthetic electron transport from H,O to NADP (+Mv). 
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